Reality-monitoring errors occur when internally generated thoughts are remembered as external occurrences. We hypothesized that sleep-dependent memory consolidation could reduce them by strengthening connections between items and their contexts during an afternoon nap. Participants viewed words and imagined their referents. Pictures of the referents also accompanied half of the words. After a 2-h break filled with sleep (n = 31) or wakefulness (n = 32), participants indicated if they previously viewed a picture of each word. Nap participants made fewer reality-monitoring errors than wake participants by adopting more stringent response criteria, suggesting that sleep reduces reality-monitoring errors primarily by influencing post-retrieval decision processes.
were never actually studied. One explanation for the high level of false memories in DRM experiments is that as each list word is presented, activation spreads to related words. Because critical words are highly related to each presented word, they accrue a large amount of spreading activation. At test, the internal spreading activation received by critical words is confused with activation from actual presentation, leading to false memories for critical words (Roediger and McDermott 1995; Roediger et al. 2001) . Fenn et al. (2009) demonstrated that in the DRM paradigm, participants exhibited fewer false memories following sleep compared with wakefulness, and attributed this result to improved reality-monitoring following sleep. However, Payne et al. (2009) found increased false memories for critical words after sleep, whereas Diekelmann et al. (2008 found no effect of sleep on false memories. These different results could be due to differences in sleep architecture across samples, the use of recall versus recognition tests, or other factors specific to the DRM paradigm. In particular, there is a high degree of semantic similarity across the studied words, which could result in the strengthening of the gist of word lists relative to item-specific information during consolidation (Stickgold and Walker 2013) . Thus, the effects of sleepdependent consolidation on reality-monitoring errors not involving highly related stimuli may differ from those observed with the DRM paradigm.
With regard to sleep architecture, some DRM experiments have found an association between SWS and increased false memories, but this is typically attributed to processing the semantic similarity shared by list words (Diekelmann et al. 2008 Payne et al. 2009; Pardilla-Delgado and Payne 2017) . Using unrelated word lists, van der Helm et al. (2011) found that memory for list-learning context was associated with stage-2 sleep time and fast (13-15 Hz) spindle activity. Therefore, these aspects of sleep might be most relevant for reducing reality-monitoring errors when semantic similarity is not a factor.
The goal of the current experiment was to investigate the impact of sleep on reality-monitoring errors using a procedure wherein high levels of semantic similarity across stimuli do not complicate interpretations. Using a reality-monitoring paradigm (Gonsalves and Paller 2000) , participants viewed 250 words one at a time for 1000 msec each and were asked to imagine the object that corresponded to each word ( Figure 1 ). For half of the words, a picture of the object described by the word was shown immediately after for 500 msec (picture trials). For the other half, a blank rectangle appeared on the screen for 500 msec (imagine-only trials). Immediately after, participants completed a page of basic math problems to clear their short-term memories. Later, participants completed a recognition test wherein 375 spoken words were presented one at a time through speakers at a rate of one word every 2 sec. In particular, 125 of the words were from picture trials during encoding, 125 were from imagine-only trials, and 125 were new words, randomly intermixed. For each test word, participants were instructed to indicate either "yes," they saw a picture of the word earlier in the experiment (pressed "1" key), or 'no,' they did not (pressed "2" key). The words used for picture, imagine-only, and new test trials were matched in frequency and concreteness and counterbalanced across participants. Pictures were 266 × 281 pixel color images depicting a typical referent of each word against a white background.
Participants aged 18-29 years with no preexisting sleep disorders were randomly assigned to one of two groups. Participants in the wake group (n = 32) studied the words, completed the math problems, and were instructed not to sleep and to return to the laboratory 2 h later. Participants in the nap group (n = 32; 15 others excluded for failure to sleep) were first prepped for polysomnography (PSG) and then studied the words, completed the math problems, and given 90 min to nap in a bed in a dark, quiet room. PSG included electroencephalography recorded from electrodes at seven standard sites (C3, C4, Fpz, F3, F4, O1, O2), each referenced to the mastoid average. Electrocardiography, electromyography, and electrooculography were also obtained through electrodes placed on the chest, chin, and near the eyes. Data were recorded and am-plified with a 250 Hz sampling rate and band-pass filtered between 0.25 and 100 Hz. After waking, they were given 30 min to clean up and recover from any sleep inertia. One nap participant was excluded from analyses for poor memory (>2.5 SD below the mean percent correct score on the recognition test). PSG data from the remaining 31 participants were scored using standard sleep-staging criteria (Table 1) . Artifacts were rejected from PSG data based on visual inspection, and fast (13-15 Hz) spindles were identified for C3 and C4 electrodes and slow (11-13 Hz) spindles were identified for Fpz, F3, and F4 electrodes, using an automated algorithm in PRANA (PhiTools; duration: 0.5-3.0 sec, amplitude fluctuations >2.5 SD above mean amplitude). Electrodes selected for spindle analyses were based on known topographical differences between the two spindle types (Schabus et al. 2007 ). Density was computed as the average number of spindles per minute during stage-2 sleep ( Table 2) .
Prior to studying the objects, all participants completed the Karolinska Sleep Log (Akerstedt et al. 1994) to get estimates of sleep from the night preceding the experiment. No differences in sleep time [t (61) = 1.3, P = 0.2], sleep latency [t (61) = 1.6, P = 0.1], or number of awakenings [t (61) = 1.0, P = 0.3] were present across groups. Participants in the nap group also completed the Pittsburgh Sleep Quality Index (Buysse et al. 1989) to assess sleep quality within the past month. On average, participants had good (score <5) sleep quality (mean = 3.5, SD = 1.3). Immediately before the recognition test, all participants completed the positive and negative affectivity scale (PANAS) (Watson et al. 1988) . Two participants (one nap, one wake) failed to properly follow instructions for completing it and were excluded from analyses of PANAS data. No group differences in positive [t (59) = 0.1, P = 0.9] or negative affect [t (59) = 1.7, P = 0.09] were observed.
For the recognition test, "yes" responses to imagine-only words were considered reality-monitoring error hits, "yes" responses to picture words were considered picture recognition hits, and "yes" responses to new words were considered false alarms. These values were used to calculate Pr and Br, measures of recognition sensitivity and response bias, respectively, for reality-monitoring errors and picture recognition (Snodgrass and Corwin 1988) . Sensitivity reflects the ability to discriminate between old and new items. Thus, if sleep-dependent consolidation strengthened connections between items and their contexts, nap participants would be less likely than wake participants to mistake a picture they imagined for one they actually viewed, and this would be reflected in Pr. Response bias reflects the general tendency to give "yes" responses. Br values < 0.5 reflect a conservative bias and >0.5 reflect a liberal bias (more likely to respond "yes"). If sleep influenced post-retrieval decision processes, nap participants would be more or less likely to endorse all words as having been accompanied by a picture during study compared with the wake group, and Br would differ between groups.
To test these possibilities, a 2 × 2 ANOVA was conducted on Pr with group (wake, nap) and item type (reality-monitoring errors, picture recognition) as independent variables. There was no main effect of group, F (1,61) = 0.6, P = 0.5 and no group × item type interaction, F (1,61) = 2.6, P = 0.1, indicating that sleep did not influence sensitivity. As expected, Pr was significantly higher for picture recognition than for reality-monitoring errors, F (1,61) = 327.1, P = 3.4 × 10 −26 , Cohen's d = 3.0.
Another 2 × 2 ANOVA examined the effects of group and item type on Br. Although an afternoon nap did not influence sensitivity, it did affect bias (Figure 2 ). The nap group was more conservative in giving "yes" responses (0.09) than the wake group (0.15), F (1,61) = 6.7, P = 0.01, d = 0.7, and there was no item type × group interaction, F (1,61) = 3.1, P = 0.08, indicating that the nap group engaged in more conservative responding for both picture recognition and reality-monitoring errors. All participants were more Sleep reduces reality-monitoring errors www.learnmem.org conservative in giving "yes" responses for reality-monitoring errors compared with picture recognition, F (1,61) = 97.2, P = 3.0 × 10 −14 , d = 0.5.
To determine whether the more conservative bias in the nap group was systematically related to specific aspects of sleep, Br measures (reality-monitoring error, picture recognition) were separately correlated with total sleep time, stage-2 sleep time, SWS time, and stage-2 spindle density, as these measures have previously been associated with changes in memory (van der Helm et al. 2011; Pardilla-Delgado and Payne 2017). No significant relationships were observed (see Table 3 for correlation coefficients and p values for each comparison). Although sleep did not significantly affect Pr, certain aspects of sleep may still be systematically related to sensitivity. Pearson's correlations revealed that picture recognition Pr was not related to any sleep measures, and realitymonitoring error Pr was not associated with total sleep time, SWS time, or fast-spindle density (Table 3) . However, reality-monitoring Pr was negatively correlated with stage-2 sleep time (r = −0.35, P = 0.05) and with stage-2 slow-spindle density at Fpz (r = −0.38, P = 0.04), indicating that as stage-2 time and slow-spindle activity increases, reality-monitoring error sensitivity decreases.
The current results indicate that an afternoon nap reduces reality-monitoring errors primarily through the adoption of a more conservative response bias following sleep. The only other studies to examine the influence of sleep on reality-monitoring errors used the DRM paradigm and the results were mixed (Diekelmann et al. 2008; Fenn et al. 2009; Payne et al. 2009; Pardilla-Delgado and Payne 2017) . The present experiment provides a more straightforward test than DRM experiments, as studied items did not share high semantic similarity, which may influence sleep-dependent memory processes in idiosyncratic ways (Stickgold and Walker 2013) .
The more conservative response bias in the nap group suggests that after sleep, participants are less likely to endorse all test items as having been accompanied by a picture during study. To date, the influence of sleep on response bias has received little attention and results have been mixed, with some reports of more liberal (Pardilla-Delgado and Payne 2017) and some of more conservative (Hu et al. 2006 ) responding after sleep. Hu et al. (2006) observed a more conservative bias after sleep for neutral and emotional picture memories, and suggested that high levels of hippocampal acetylcholine during rapid eye movement (REM) sleep could underlie the conservative shift. This explanation cannot account for the current findings, as many nap participants did not achieve any REM sleep (17 of 31). Another possibility is that the conservative shift could be a consequence of sleep-dependent changes in memory strength. Hirshman (1995) demonstrated that the perceived mean memory strength of studied items is a powerful cue for criterion placement at test initiation, and weak mean memory strength results in a more liberal bias than strong. Here, it is possible that sleep-dependent consolidation strengthened memories for studied items, which led to the assessment of stronger mean memory strength at test initiation and thus a more conservative criterion placement in the nap group compared with the wake group.
If memories were strengthened during sleep, however, changes in sensitivity may also be expected. Although sensitivity changes were not observed, it is possible that an afternoon nap caused subtle changes in memory strength that were enough to influence criterion placement but not sensitivity. In the nap versus the wake group, sensitivity was numerically lower for reality-monitoring errors (0.06 versus 0.08, respectively) and numerically higher for picture recognition (0.46 versus 0.41, respectively); the expected pattern if connections between items and their contexts were strengthened during sleep. Furthermore, Hu et al. (2006) also did not find sensitivity differences despite a more conservative bias after sleep compared with wake, although they did observe increased These results suggest that sleep reduces reality-monitoring errors through the adoption of more conservative response criteria following sleep. Clearly, sleep impacted post-retrieval decision processes, and it is possible that these decision processes were influenced by subtle changes in memory strength resulting from sleep-dependent consolidation. To date, few experiments have examined the influence of sleep on response bias. Future experiments aimed at understanding how sleep may influence post-retrieval decisions will ultimately provide a more comprehensive account of how reality-monitoring and other memory errors evolve over time.
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